As an alternative to conventional indium-tin-oxide (ITO) electrodes, a transparent Cu grid electrode was fabricated by etching a sputtered Cu on a flexible polyethylene naphthalate film through a polyvinyl alcohol (PVA)-based protecting layer. The masking pattern of the PVA-based polymer on the Cu was generated by evaporation of an aqueous solution containing PVA-based polymers using a screen mesh as a template. The solution formed a stable liquid-bridge network between contact points of the screen mesh and the substrate after being dropped onto the mesh placed on the substrate. Drying of the solution yielded grid or dotted patterns, depending on the concentration of PVA. Etching of the Cu film covered with the PVA pattern was done with a FeCl 3 methanolic solution to form a grid-patterned Cu electrode. Although some underetching was observed, adjusting the etching time gave a fine line network of Cu with the PVA coated thoroughly. The Cu grid electrode showed a transparency of 87.2 AE 5.2% at 550 nm and 6.1 AE 5.3 U ,
Introduction
Transparent electrodes have been widely used in applications varying from solar cells 1, 2 to light emitting diodes, 3,4 displays, 5, 6 and touch-panels. 7, 8 One of the most commonly used materials is indium-doped tin oxide (ITO), because it can simultaneously deliver a low resistance ($10 U , À1 on glass substrates) and a high transparency (>83%). However, its fragility, scarcity of indium, and expensive processing limit its use in emerging devices such as wearable electronics, exible solar cells, and exible displays. [9] [10] [11] Furthermore, the enlargement of touch panels demands much lower resistance than that of the conventionally used ITO. Thus, many researchers have attempted to develop alternative materials and methods to replace ITO. One of the promising methods is transparent lm formation using metals with inherently low resistivity, such as Ag, Au, and Cu [12] [13] [14] [15] [16] [17] [18] in the form of light percolation electrodes. These include solution-processed metal networking consisting of metal nanowires, "an additive method," 9, 12, 19 and patterned metal networking from evaporated metal sources, "a subtractive method" [20] [21] [22] Building-up methods such as the former require a good dispersibility of metal nanowires and good contact between them. However, the use of Cu, which has attracted much attention because of its low cost, abundance, and high electromigration resistance, 23, 24 is oen hampered by difficulties owing to its ease of oxidation. A solution to this problem is the use of a subtractive process, in which a protective pattern is formed on a high-quality thin Cu lm prior to pattern etching, because the remaining Cu structure can maintain the bulk resistivity even aer etching.
Photolithography is a well-developed technique to form protecting patterns for etching, but it involves many expensive process steps, thereby losing the advantage over ITO. There are some reports of transparent Cu electrode formation by etching without the use of photolithography techniques. For example, electrospun nanobers of polyacrylonitrile were formed before etching, causing the deposition of randomly overlapped line patterns of the polymer over a Cu surface.
22 Double evaporative assemblies involving ow-coating to form a polymer line pattern with a 90 rotation yielded a grid pattern of polystyrene as a protecting layer.
21
We herein demonstrate another simple method to form a grid type pattern of a polyvinyl alcohol (PVA)-based polymer on a thin Cu lm using a screen mask as a template. A droplet of a dilute polymer solution was spread over the screen mask, which was placed on a Cu lm and dried. During the drying process, the solution moved along the framework of the mask. Even at the nal stage of drying, the solution could maintain the structure, resulting in a solidied grid pattern of the polymer on the Cu surface. The following Cu etching gave a Cu grid electrode with the linewidth of 3 mm, showing low resistivity and high transmittance. In addition, we found that the le PVA patterns on the etched Cu lm could serve as an oxidation resistive layer, because they completely covered the Cu.
Experimental section
Materials PVA (molecular weight 1500) and iron(III) chloride (97%) were purchased from Sigma-Aldrich. E201, a colorless extender including 10-14% water-soluble acrylic polymer, was purchased from HOLBEIN Works, Ltd., Japan. All materials were used as received. A thin Cu lm (1 mm) on a polyethylene naphthalate (PEN, 120 mm) lm (Panac Co., Ltd., Japan) was prepared using a DC magnetron sputtering system (Shibaura Mechatronics, CFS4EP-LL, i-miller) in an Ar atmosphere under a pressure of 0.5 Pa. An Al 2 O 3 adhesion layer with a thickness of 5 nm was sputtered prior to Cu deposition in an Ar and O 2 mixed gas (95 : 5) under a pressure of 0.5 Pa. The Cu lms were used without further treatment or washed with an alkali-based solution (50 mg mL À1 ) using C-4000 (Asahi Cleaner, Japan) at 60 C for 3 min, which is oen used as a degreasing agent before an electroplating process. Silk-screen printing plates with plainwoven fabric stainless screens of 325 and 500 lines per inch with thread diameters of 23 and 19 mm, respectively, were purchased from Murakami Co. Ltd., Japan.
Fabrication of PVA grid-patterned surfaces
The glass substrates and screen meshes were washed with acetone, ethanol, and distilled water under sonication, followed by drying with air owing. PVA-based solutions were prepared as follows: rst, an appropriate amount of PVA was mixed with water; second, an extender (E201) containing 10-14% of acrylic resin was diluted with water to produce a 1 wt% solution; third, they are mixed in a 1 : 1 ratio to obtain 0.05, 0.5, and 5 wt% PVA solutions with (5-7) Â 10 À4 wt% acrylic resin. A silk-screen printing plate was placed over a substrate. Then, 15 mL of the solution was dropped on the screen mask and spread over a 2 cm Â 2 cm glass or Cu/PEN lm. It was dried at room temperature, typically for 1 h. Finally, the substrates were manually detached from the masks.
Etching of Cu lm
For Cu etching, FeCl 3 (Sigma-Aldrich, USA) and methanol (Wako, Japan) were mixed to obtain 22 mmol L À1 of the FeCl 3
etchant. The PVA-patterned surfaces on a sputtered Cu/PEN lm were immersed for 5-6 min in the etchant under gentle stirring, followed by washing with methanol, and drying with N 2 .
Characterization
Scanning electron microscopy (SEM) images were obtained on a JSM-7400F scanning electron microscope (JEOL, Japan) at 10 kV. The samples were coated with a thin Pt layer before observation. The pattern heights were measured using a stylus surface proler, Dektak XT-(ULVAC, Japan). Optical images of the surfaces were taken using a VW-9000/VW-600c digital microscope (KEYENCE, Japan). The optical transmittance of the Cu grid electrodes was measured using a UV-vis spectrometer, UV-3100PC (SHIMADZU, Japan); a baseline correction was performed using the bare PEN substrate, which was also used as a reference. For sheet resistance measurements, Au electrode pads with a gap distance of 5 mm were modied on the Cu grid electrodes by a simple sputtering deposition before the measurements. The sheet resistance of the Cu grid electrodes was measured by the four-probe method using a KB-100 (KB-esi, Germany). More than three measurements were performed for each sample, and the results were averaged. As for evaluation as a capacitor sensor, the sensor was fabricated by putting two grid electrodes together in a face to face manner as shown in the inset of Fig. 7 . Capacitance data of the sensor was collected by a precision LCR meter, 4284 A (Agilent Technologies, USA) when pressure was added by an autograph, AGS-X (Shimadzu Corporation, Japan).
Results and discussion
Grid pattern formation of PVA on a glass substrate using screen mesh templates Aqueous solutions of 0.5 wt% PVA containing (5-7) Â 10 À4 wt% acrylic resin (PVA-based solution) were dropped over a 500-count screen mesh on a hydrophilic glass substrate and dried for 1 h at room temperature. The role of the acrylic resin additive is explained later. The removal of the mesh yielded a grid pattern of the polymer, as shown in Fig. 1(a) . It was a grid line with a width of 3 mm and a height of 2.5 mm, with a diamond-shaped pattern at every other crossing point. The pattern formation mechanism is essentially the same as in a previous report, 25 where a hydrophobic polymer was deposited on a glass substrate using a screen mesh. First, a drop of solution could penetrate along the mesh wire frame via capillary action ( Fig. 2(1) ). Then, evaporation of the solvent collects the concentrated solution at the contact points between the screen mesh and the glass surface, forming pendular rings together with liquid bridges between the neighbors ( Fig. 2(2) ). As the drying proceeds further, the polymer is solidied, which depends on the concentration and reects the drying history ( Fig. 2(3) ). When the solution was diluted 10 times with water, a grid pattern with a narrower line of 1 mm was obtained ( Fig. 1(b) ). This indicates that although the solution movement could be the same as that described earlier, the polymer should be solidied at the nal stage, where liquid bridges were nearly breaking because of the lower initial concentration. The narrow linewidth suggests that the liquid bridge could be stable, even at the nal stage of the drying. This may be because PVA can serve as a surfactant to stabilize the interface, similar to a soap bubble, to prevent rupture even at the nal stage of drying.
26 A further 10 times dilution gave only dotted patterns without linking the lines (Fig. 1(c) ). This means that eventually, the liquid was collected at the contact point of the mesh on the glass aer the liquid bridges were broken, which is in a good agreement with our previous observation. 25 When no acrylic resin was mixed, part of the diamond pattern was torn off the glass. Because the dried PVA was brittle due to its crystallinity, the contact point of the mesh on the glass where a strong force was applied was broken. The acrylic resin additive can work as an inhibiter for crystallization. In addition, we think that the additive can partially promote crosslinking of the PVA, thereby making it more difficult to wash away with H 2 O. Indeed, the partial PVA cross-linking was conrmed by a gel permeation chromatography analysis to compare the molecular weight distributions before and aer the addition of the acrylic resin into the PVA solution (Fig. 1S †) .
Grid pattern formation of PVA on a sputtered Cu lm
We then attempted to form the grid polymer pattern on a Cu sputtered lm on a PEN substrate using a 0.5 wt% PVA-based solution, which gave a narrow, stable grid line on the glass. However, aer removal of the screen mesh, the cross points of the polymer pattern, which could bind between the substrate and the screen mesh, disappeared (Fig. 3(a) ). We thought that this was because of the difference between the surface properties of the Cu and glass substrates. Indeed, the contact angles were different between them. The cleaned glass substrate had a contact angle of <20
, whereas that for the as sputtered Cu surface was approximately 60 , probably owing to contaminations from the air. Therefore, the Cu surface was exposed to an alkali based solution containing a surfactant to remove them, resulting in a contact angle of <20 . The surfactant can also form a self-assembled layer on top of the cleaned Cu surface to enhance the wettability. The treatment worked quite well, yielding a grid pattern with a large area without signicant defects, as shown in Fig. 3(b) . This indicates that the adhesiveness of the PVA-based polymer patterns might be related to the surface hydrophilicity. Fig. 4(a) -(c) show SEM images of a PVA pattern on a Cu/PEN lm. Essentially, the pattern is almost the same as that on a glass, as shown above. Examining the lines more closely, the difference in contrast between the PVA and the Cu surface in the SEM images could provide information about the structure. The PVA line fabricated through the liquid bridges between pendular rings as shown in Fig. 4 (c) can be separated into two components: (1) a tubeshaped structure with a width of 0.25 mm in the middle and (2) a thin layer like bleeding extended approximately 1.75 mm from the edge of the tube at both sides (indicated by arrows in the gure). This suggested that the liquid bride maintained a homogeneous, stable line even aer the solution reached the concentration where the PVA came out. This can be partially explained by the slow evaporation of water during drying, so as to give the polymer sufficient time to diffuse into the interior of the liquid line. 
Cu etching with FeCl 3
For Cu etching, the Cu lm with a PVA-grid pattern deposited was dipped into the Cu etchant comprising 0.01 M FeCl 3 methanolic solution, at room temperature. We used methanol instead of the more commonly used water as the solvent, because water would remove the PVA patterning from the surface, resulting in no Cu pattern le aer etching. The etching time was 5-6 min to obtain transparent grid electrodes. This wet etching of Cu could proceed isotropically because the etchant was only gently stirred, so that the mass transportation of Fe 3+ relied on the random diffusion in the vicinity of the Cu surface. Cross-sectional images of the Cu lms were obtained during etching, as shown in Fig. 5 . In order to make the insulating PVA layer visible in the images, a thin Au layer was deposited by a simple sputtering process before SEM observation. Therefore, the dark areas in between the top Au layer and the Cu surface should be occupied mainly by PVA in the images. This is corroborated by the fact that the widths of the PVA (approximately 4 mm) are consistent with those in the top view image of the PVA line in Fig. 4(c) . It can be seen that the PVA layer could stick to the Cu surface throughout the process. The 6 min etching process yielded Cu grid lines with a width of 3 mm and a height of 0.8 mm together with the PVA coating on all the exposed Cu surfaces (Fig. 4(f) and 5(c)) . Surprisingly, the Cu height decreased from 1.2 mm to 0.8 mm aer etching. We assume that this could be occurred by the penetration of Fe interface between the PVA lm and the Cu surface from the edge. As for the undercut, it can also be mitigated by the PVA coating effect on the side, considering the long width as well as the square shape of the side wall of the Cu grid line. The undercut of the Cu did not proceed at the same rate as that of the bare Cu area (75 vs. 120 mm min À1 ) assuming that the PVA layer expanded to cover 4.5 mm of the length. The undercut through the isotropic etching oen causes a trapezoidal shape of the metal under the resist, because the closer the metal is to the resist, the more etchant can access the metal earlier. Aer the etching, the surface was sufficiently cleaned with methanol. There was no signicant signal due to Cl on the exposed PEN area, according to the SEM-EDS analysis (Fig. 2S †) . This indicates that the etched Cu attained a form capable of being dissolved in methanol, such as CuCl 2 rather than CuCl, although no additional Cl source such as HCl was added. 28 A very small signal of Cl and Fe was observed in the Cu line covered with PVA patterns (Fig. 3S †) . XPS spectra in the Fe (2p) region showed a small signal due to Fe(III) in the PVA coated Cu area (Fig. 2S †) . This might be a trace revealing some resistance. As a result, the electric resistance of the sample without PVA increased signicantly aer 100 min, whereas that of the sample with PVA did not change much, even aer 230 min (Fig. 6 ). This shows that the PVA almost completely covered the etched Cu surface to prevent oxidation. At 200 C for less than 60 min the grid electrode without PVA became an insulator, whereas that with the polymer did not change signicantly. X-ray photoelectron spectroscopy (XPS) results showed that the surface of the no-PVA Cu electrode was completely oxidized, whereas the PVA-covered Cu surface had the same XPS signals as before the heat treatment (Fig. 5S †) . These results revealed that the PVA-coated Cu surface has high oxidation resistance.
Finally, we applied the PVA-coated Cu grid electrodes for a capacitor sensor sensing pressure as a preliminary experiment. Basically, the whole sensor was fabricated just by putting two grid electrodes together so as to contact the both of PVA top layers as shown in the inset of Fig. 7 . The PVA layers can serve as insulating layers. Therefore, the sensor is expected to detect the magnitude of the applied pressure by measuring the capacitance change (DC) generated in Cu/PVA/Cu stacked layers. Fig. 7 shows the capacitance changes as a function of applied pressure. For the pressures below 10 kPa, DC increases rapidly while DC increases in a gradually linear fashion for the pressures over 10 kPa. This result reveals that the PVA layers on Cu electrodes can work quite well as the insulating layer for the capacitor sensor.
Conclusions
A simple method to form a grid-pattern protecting layer on a Cu thin lm was developed in order to obtain a transparent grid pattern by wet etching. It essentially relied on a capillary force generated between a screen mesh and the substrate when an aqueous solution containing a PVA-based polymer was introduced. The liquid bridges formed between the contacting points of the mesh and the substrate were stable enough to yield a ne-line network of solidied PVA-based polymers. A wetetching process using FeCl 3 proceeded isotropically to obtain a Cu-grid pattern thoroughly coated in the PVA-based polymer. The resulting Cu grid electrode showed good transparency and sufficiently low resistance. The PVA-based polymer coating on the Cu grid pattern efficiently protected from the Cu oxidation. This can be a good passivation to avoid decrease in the transparency due to lling all the surfaces with a passivation layer and their degradation. A preliminary result demonstrated that the PVA-coated electrode could work as a capacitor sensor sensing pressure. Our method can be applied for nonat surfaces, such as a cylindrical surface, because the screen mesh template is so exible as to be easily conformable with the required surface.
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